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ABSTRACT 
                                       
In this thesis, I described about the basic introduction to SiGe Hetero-junction bipolar 
transistors, evaluation of SiGe HBT, SiGe HBT advantages over Si BJT‘s, the 
characteristics of Linearly Graded base doping and uniform base doping. Derived the S-
parameters from the Complete Small Signal hybrid-pi Model of SiGe HBT. S-parameters of 
the Complete Small Signal hybrid-pi model of SiGe HBT calculated by using model 
equations of the Small Signal Model of intrinsic SiGe HBT within the frequency range of 
0.2-50-GHz using parasitic effects. Intrinsic SiGe HBT model is having higher cutoff 
frequency than extrinsic SiGe HBT model because extrinsic SiGe HBT‘s having parasitic 
effects. The linearly graded-base SiGe HBT doping has smaller base transit time and larger 
cutoff frequency than the uniformly-base HBT doping. 
S-parameters of the intrinsic small signal SiGe HBT and complete Small Signal of SiGe 
HBT are calculated by using various base widths. S-parameters of the Complete small signal 
hybrid-pi model of SiGe HBT are calculated by using different Ge concentrations. Further 
SiGe HBT are used to MMIC (Millimeter Microwave Integrated Circuit) Technology. 
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1.1 Introduction:  
              Silicon is the material which has dominated the semiconductor industry for over 30 
years. Bipolar junction transistors (BJTs) have the benefits of the silicon technology is    
very high integration and low-cost production, but are limited to lower frequencies. 
Silicon has advantages than other Semiconductors 
 Si is wonderfully abundant, and can be easily purified to low background impurity 
concentrations. 
 Si can be grown in very large, virtually defect free single crystals yielding many IC‘s 
per wafer. 
 Si has excellent thermal properties allowing for the efficient removal of dissipated 
heat. 
 Si can be controllably doped with both n- and p-type impurities with extremely high 
dynamic range (10
14
 – 1022 cm-3). 
 Si has excellent mechanical strength, facilitating ease of handling and fabrication. 
 It is easy to make very low-resistance ohmic contacts to Si, thus minimizing device 
parasitic. 
                      
NEED FOR HBT:  
                         The carrier mobility for both electrons and holes in Si is small, and the 
maximum velocity that these carriers can attain is limited to about 10, 00000 m/sec. low 
intrinsic speed in Si is problematic when operated in microwave frequency range  
                            Heterojunction is the interface occurs between the two layers of dissimilar 
semiconductor materials. these semiconductor materials are unequal bandgaps compared to 
homojunction. 
 
1.1.1 SiGe HBT: 
        The principal difference between the BJT and HBT is in the use of differing 
semiconductor materials for the emitter and base regions, forming a Heterojunction 
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Figure 1.1 Block Diagram of SiGe HBT 
 
The silicon-germanium heterojunction bipolar transistor is the first practical bandgap-
engineered device to be realised in silicon. As a result of the bandgap engineering made 
possible by including a small amount of germanium in the base, one achieves 
1. improved emitter injection efficiency; 
2. reduced emitter charger storage; 
3. reduced base transit time; 
4. reduced output conductance; 
5. improved current gain at low temperature. 
Compared to III–V technologies, SiGe-technology offers the following advantages: 
1. Low cost through compatibility with silicon CMOS; 
2. uniformity and high yield across large wafers; 
3. high thermal conductivity; 
4. lower operating voltage. 
The SiGe HBT offers several advantages over a Si BJT  
1.  A higher base doping concentration can be used to  reduced base band gap and  
   Decreasing the base resistance. 
2.  A reduction in the base transit time increases the  fT and fmax. 
3.  An increase in collector current density will allow high current gain with low 
    base resistance. 
4. Early voltage is higher at a given cut-off frequency. 
1.1.2 History of SiGe Technology  
The concept of combining silicon (Si) and germanium (Ge) into an alloy for use in transistor 
engineering is an old one, and was probably envisioned by Shockley in his early transistor 
game. However, because of difficulties in growing lattice-matched SiGe alloy on Si, this 
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concept is reduced to practical reality only in the last 15 years. SiGe HBT technology was 
originally developed at IBM for the high-end computing market that effort, however, failed 
to CMOS, primarily because of its high power consumption.  
                           In the early 1990s, IBM refocused its SiGe program towards the rapidly 
developing communications market. Interestingly, for RF communications circuits, SiGe 
HBT consumes much less power than CMOS to achieve the same level of performance. 
Since then, significant progress has been made. SiGe technology is being developed and 
applied around the world, and is in the product roadmap of every major telecommunication 
company. Applications range from wired and wireless communications circuits, to disk 
storages, to high speed high bandwidth instrumentation. The use of discrete SiGe HBTs and 
amplifiers in wireless devices is common place. Integrated SiGe chips can be found in GSM 
and CDMA wireless handsets and base stations, wireless LAN chipsets, and high-speed 10-
40 Gb/s synchronous optical network (SONET) transceivers. 
1.1.3 Applications of SiGe HBT: 
 SiGe HBT for Millimeter wave applications 
 SiGe components can support high speed components for 10Gb/s Receiver and 
Transmitter IC‘s. 
    - AGC amplifiers,  
    - Integrated PLL based CDR, 
    - low phase noise VCO 
    - up to 3v laser/modulator driver 
 
1.1.4 SiGe HBT vs GaAs HBT: 
The SiGe HBTs are double heterojunction bipolar transistors (DHBTs) as the SiGe 
material is used as a narrow bandgap material in the p-type base. The emitter and the 
collector are silicon and have larger bandgap. The AlGaAs/GaAs and InGaP/GaAs 
HBTs benefit from a single heterojunction formed between the AlGaAs wide bandgap 
emitter and the GaAs p-type base. InP/InGaAs and InAlAs/InGaAs grown on InP 
Substrate give double heterojunction devices as both emitter and collector regions 
include wide bandgap materials. 
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1.2   Literature review:  
        Herbert Kroemer proposed on, A bipolar transistor with a wide-gap emitter. It improves 
the current gain and lower the injection deficit by using an emitter material with a wider 
band gap than the base material. The reason is an electron flowing from the base into the 
emitter is higher than the holes entering the base from the emitter. Since a decrease in the 
injection deficit by exponentially increasing of the base emitter voltage [1-2].   
                       
        The idea of SiGe alloys to bandgap-engineer Si devices dates to the 1960‘s, the 
synthesis of defect-free SiGe films proved quite difficult, and device-quality SiGe films 
were not successfully produced until the early to mid-1980‘s. While Si and Ge can be 
combined to produce a chemically stable alloy (Si Ge or simply ―SiGe‖), their lattice 
constants differ by roughly 4% and, thus, SiGe alloys grown on Si substrates are 
compressively strained. (This is referred to as ―pseudomorphic‖ growth of SiGe on Si, with 
the SiGe film adopting the underlying Si lattice constant.) These SiGe strained layers are 
subject to a fundamental stability criterion limiting their thickness for a given Ge 
concentration [3-4]. 
 
        The fabrication of high performance transistors, and on the material and process 
challenges facing the implementation of SiGe HBT technology. The use of SiGe alloys for 
bandgap engineering of bipolar devices and the development of self-aligned, epitaxial base 
bipolar device structures will be discussed, including the most recent accomplishment of 75 
GHz fT heterojunction bipolar transistors, and the record sub-25 ps ECL ring oscillator 
delay. The design flexibility and trade-off‘s offered by SiGe heterojunction technology, like 
junction field/capacitance control, liquid nitrogen operation and complementary processes, 
arc also reviewed, to assess tile leverage of a SiGe base bipolar technology in high speed 
circuits [5-6]. 
 
       J.S.Yuan proposed on the Modeling of Si/Si1-xGex HBT‘s. The model accounts for 
valence band and conduction band discontinuities, heavy doping effect and bias dependent 
emitter resistance and Heterojunction capacitances.  The use of a smaller bandgap in the 
base of HBT increases minority carrier injection.  This results in an increase of collector 
current and current gain. High base doping yields a smaller base resistance, lower noise 
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figure and reduced gate propagation delay. Because Si/SiGe HBT‘s have good potential in 
high frequency analog circuits and high- speed digital circuit applications [7].  
 
       SiGe-HBT structures were grown by an MBE-process. Essential for obtaining 
simultaneously high fT and low Rbi (0.7 kΩ/□ - 4 kΩ/□) was the high boron doping of the 
thin SiGe-base of 5*10
19
/cm^3. Reduction of the thickness of the SiGe-layer from 40 nm to 
25 nm resulted in the increase of fT from 50 GHz to above 100 GHz. HBT doping profiles of 
both base and emitter are changed and the Ge content of the base is considerably higher (20 
% - 30 % Ge) which requires low temperature. The advantage of this concept is based on the 
possibilities of high base dopings and low base sheet Resistivities for high frequency 
transistors [8].  
 
        The several large-signal HBT models are investigated to determine their usefulness at 
millimeter-wave frequencies. The most detailed model involves numerically solving 
moments of the Boltzmann Transport Equation. A description of the numerical model is 
given along with several simulated results. The numerical model is then used to evaluate two 
analytical HBT models, the conventional Gummel-Poon model and a modified Ebers-Moll 
model. It is found that the commonly used Gummel-Poon model exhibits poor agreement 
with numerical and experimental data at millimeter-wave frequencies due to neglect of 
transit-time delays. Improved agreement between measured and modeled data result by 
including transit-time effects in an Ebers-Moll model. This simple model has direct 
application to millimeter-wave power amplifier and oscillator design. Several measured 
results are presented to help verify the simple model [9]. 
 
         J.D.Cressler proposed on SiGe Hetero-Junction Transistors. The silicon-germanium 
heterojunction bipolar transistor is the first practical bandgap-engineered device to be 
realised in silicon. The SiGe HBT promises faster switching speed than the silicon bipolar 
junction transistor (Si BJT), while maintaining the cost and yield advantages associated with 
silicon manufacturing [10-12]. 
Compared to III–V technologies, SiGe-technology offers the following advantages: 
1. Low cost through compatibility with silicon CMOS; 
2 uniformity and high yield across large wafers; 
3. High thermal conductivity; 
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4. Lower operating voltage.  
 Due to its high-speed performance and mature silicon process, the SiGe HBT has emerged 
as technology of the choice for RFICs. 
 
              Sang K. Chun, Martin Tanner, Kang L. Wang are proposed on ―Hole Mobility 
Measurements in Heavily Doped Si 1-xGe x Strained Layers‖.  To optimize the design of   
Si1-xGex/Si devices utilizing strained layers, accurate mobility data which includes 
dependencies on such variables as doping concentration, Ge content, temperature, and strain, 
must be obtained. Available mobility data for the strained layer case are limited by the 
critical thickness and by difficulties in accurately determining the free carrier concentration 
values. The Hall factor decreases with increasing Ge content, which may be due to 
additional scattering mechanisms introduced by Ge along with changes in the valence band 
structure as a result of strain [13].  
         Slavako Amon proposed the modeling of the collector current and base transit time in 
npn SiGe HBT. The evaluation of minority electron Concentration in the base and its 
dependence on doping concentration, temperature and Ge content is discussed in detail. It is 
shown that Ge-induced performance improvement of SiGe HBTs compared to Si BJTs is 
lowered at high doping concentrations in the base due to invalidity of Boltzmann statistics, 
which is more influential in SiGe due to lower hole effective mass [14].  
 
        C.W.Liu proposed on the base transit time of Si/SiGe heterojunction bipolar transistor 
is including the effects of minority carrier recombination lifetime and velocity saturation. 
The reduction of recombination lifetime in the neutral base region increases the base transit 
time as compared to the infinite recombination lifetime, and the finite saturation velocity 
also degrades the base transit time, as compared to the infinite saturation velocity. This 
analytical analysis can obtain the optimum design of Ge profiles in the base to minimize the 
base transit time. The extremely heavy doping of the base can degrade the base transit time 
significantly if the base width is larger than the diffusion length [15] 
                   
        Sami Bousnina, Pierre Mandeville, Ammar B. Kouki, Robert Surridge, and Fadhel M. 
Ghannouchi are proposed on The direct extraction of heterojunction bipolar transistor (HBT) 
small-signal model parameters. For the development of microwave circuits using hetero-
junction bipolar transistors (HBTs), it is an accurate HBT equivalent-circuit model for 
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simulating circuit performances. The properties of this model should satisfy the following 
criteria: 1) the topology of the equivalent circuit model has to be selected by considering the 
device electrical response and 2) the model parameters-extraction procedure should be 
efficient and systematic. The extraction procedure allows for direct and fast calculation of a 
unique physically meaningful set of intrinsic parameters measured S-parameters for the 
whole frequency range of operation [16].  
 
        Lee proposed a model on An improved direct parameter extraction method of SiGe 
heterojunction bipolar transistors (HBTs) for the vertical bipolar intercompany (VBIC)-type 
hybrid-pi model. All the equivalent circuit elements are extracted analytically from S-
parameter data only and without any numerical optimization. Npn-type SiGe Heterojunction 
bipolar transistors (HBT‘s) have high cut-off frequencies, but low breakdown voltages due 
to their high current gain. We show that a SiGe layer in the emitter can increase the base 
current and hence the breakdown voltage while the collector current and cut-off  frequency 
are not reduced The measurements of S-parameters are performed with a microwave probing 
system and a vector network analyzer over the frequency range 0.2–10.2 GHz[17]  
 
       Mukul K. Das, N. R. Das, and P. K. Basu are described the effects of Ge content and 
profile shape on the performance of a SiGe-based heterojunction bipolar transistor (HBT). 
The common-emitter current gain, the early voltage, and the transit time of SiGe HBTs are 
calculated and computed for different Ge profiles as well as the total Ge content in the base, 
considering uniform base-doping. Then the effects of the above on the cutoff frequency fT 
and the maximum oscillation frequency fmax of the HBT are shown. It is seen that both the 
forward current gain and the transit time decrease with the change in profile from box to 
triangle, but the early voltage increases with a similar change. The increase of Ge content for 
the same profile results in a decrease of transit time. From the analysis, a large increase in fT 
and fmax can be predicted with a suitable choice of Ge profile and the total Ge content in the 
base [18]. 
 
        Rached Hajji  and Fadhel M. Ghannouchi Small-Signal Distributed Model for GaAs 
HBT‘s and S-Parameter Prediction at Millimeter-Wave Frequencies A HBT distributed 
model can be used to simulate large size and high power HBT‘s operating at millimeter-
wave frequencies where the propagating and coupling effects are significant. It has been 
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shown that accuracy in fitting a small-signal HBT model to the measured scattering 
parameters can be achieved by using a sliced model that includes the distributed effects. A 
bias dependent distributed model can be derived by modeling the active slice circuit at 
different bias conditions. Consequently, analytical expressions can be obtained for the bias-
dependent intrinsic elements of the HBT. This constitutes an intermediary step in deriving a 
large-signal distributed model needed for analysis purposes of microwave/millimeter-wave 
nonlinear circuits such as mixers, frequency multipliers/dividers and amplifiers [19]. 
 
        Shinichi Tanaka, Yasuchi Amamiya, Seiichi Murakami, Norio Goto, Yoichiro 
Takayama and Kajuhika Honjo are proposed Design Considerations for Millimeter-Wave 
Power HBT‘s Based on Gain Performance Analysis. Critical design issues involved in 
optimizing millimeter-wave power HBT‘s are described. Gain analysis of common-emitter 
(CE) and common-base (CB) HBT‘s is performed using analytical formulas derived based 
on a practical HBT model. While CB HBT‘s have superior maximum-gain at very high 
frequencies, their frequency limit is found to be determined by the carrier transit time delay. 
First, although CE and CB HBT‘s have the same , CB HBT‘s have a superior gain in 
millimeter-wave bands because the 3-dB roll-off characteristics of the MSG extend to a 
much higher frequency range. Second, to fully exploit the potential gain of CB HBT‘s, care 
must be taken to keep the carrier transit time short, because otherwise the device suffers 
from a significant gain degradation when a high collector voltage is applied. Third, reducing 
the base resistance and collector capacitance is the key to improving the gain because they 
are the principal parameters that govern the MSG in a CB HBT [20]. 
 
        H.J.Osten, D.Knoll, B. Heinemann, H. Rucker, and B. Tillack are proposed on Carbon 
Doped SiGe Heterojunction Bipolar Transistors for High Frequency Applications. The 
incorporation of low concentrations of carbon into the SiGe region of a heterojunction 
bipolar transistor (HBT) can significantly suppress boron out diffusion caused by subsequent 
processing steps. This effect can be described by coupled diffusion of carbon atoms and Si 
point defects. We discuss the increase in performance and process margins in SiGe 
heterojunction bipolar technology by adding carbon. SiGe-C HBTs demonstrate excellent 
static parameters, exceeding the performance of state-of the-art SiGe HBTs. The present 
interest in development of SiGe HBTs stems from their potential applications in integrated 
circuits operating at radio frequencies. Circuits operating in the range of several Gigahertzes 
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(GHz) are needed for wireless communication systems. Silicon bipolar transistors for high 
frequency operation require short base transit times, low base resistance, and low extrinsic 
parasitic. Heterojunction devices with a larger band gap in the emitter region and a smaller 
band gap in the base region enhance high frequency performance [21]. 
 
         Guogong Wang, Jonghoo Park, Hui li, Zhenqiang Ma, Donald Lie, Jerry Lopez, and A. 
M. Hurtado are proposed on   The influences of device size on the small- and large-signal 
performance of SiGe power HBTs. Due to the increased parasitic emitter and base 
resistances, both small- and large-signal power gain values of SiGe power HBTs degraded 
with the increase of device size. For small devices, parasitic are not dominant. The output 
power can be increased simply by increasing the device area. For large devices, due to the 
severe degradation of large-signal power gain output power ceases to increase with the 
increase of device area. Further increase of device area to increase output power should thus 
be avoided. [22]. 
                
          Hai Huang, Zhenqiang Ma and Pingxi Ma and Marco Rananelli are proposed 
Influence of Substrate Parasitic Effects on Power Gain Relation between CE and CB SiGe 
HBTs The impact of substrate parasitic effects on the power gain relation between the CE 
and CB configuration of single emitter finger SiGe HBTs was studied. The intrinsic power 
gain relation between CE and CB configuration single finger SiGe HBTs is changed due to 
the influence of substrate parasitic effects. The substrate parasitics have little influence on 
power gain of CE configuration, but reduces the CB power gain dramatically, which makes 
the original power gain relation between CE and CB configuration lost. Substrate grounding 
can be used to effectively reduce the parasitic effects and to enhance the CB power gain[23]. 
 
        Pradeep Kumar has proposed ―Device parameter Optimization of Silicon Germanium 
HBT for THZ Applications‖   Ge grading on the performance of Si1-xGex HBT is maximum 
oscillation-frequency fmax, cutoff frequency fT, stability, Figure-of merit and various intrinsic 
as well as extrinsic parameters are calculated for different Ge concentrations with linear 
grading. The intrinsic and the extrinsic elements of model are obtained using a direct 
extraction method that the base resistance from the Z- parameters the base region 
optimization. Now-a-days research shows that applications in high-frequency 
communications and radar employ the wide bandwidth heterojunction bipolar transistors 
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(HBTs). ICs for 40 Gb/s transmission are currently in development in optical fiber 
communications [24]. 
 
          Mukul Das, N.R das proposed ―Performance Analysis of a SiGe/Si Heterojunction 
Bipolar Transistor for Different Ge-composition‖ the common-emitter forward current gain, 
Early voltage and total transit time of a SiGe heterojunction bipolar transistor (HBT) have 
been calculated and computed for different composition of Ge in the base. The results show 
that using suitable Ge-composition in the uniformly doped base, the transit time of the HBT 
can be significantly increased. The calculated cut-off frequency (fτ) of the HBT increases 
with the increase in the total Ge-content, and for the same Ge-content, it increases with the 
change in profile gradually from ‗box‘ to ‗trapezoidal‘, and then to ‗triangular‘ type [25]. 
 
 1.3 Scope of Thesis: 
 
      The scope of the thesis is organized as mentioned below 
a. Understand the material Properties of SiGe HBT 
b. Studied the  characteristics of the Uniform-Base and Graded-base SiGe HBT 
c. S-parameters of the Complete Small Signal Model of SiGe HBT is calculated by using 
Model equations of Intrinsic Small Signal model of SiGe HBT with in the frequency 
range of 0.2- 50 GHz 
d. Compares the S-parameters of Complete Small Signal Model of SiGe HBT and 
Intrinsic Small Signal SiGe HBT Frequencies. 
e. Compares the S-parameters of the Complete model SiGe HBT and Intrinsic model 
HBT for Uniform Base doping and Graded-Base Doping. 
f. Calculated the Complete Small signal model of SiGe HBT of the different Ge 
concentrations. 
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CHAPTER-2 
Material Properties    & 
S-parameters of SiGe HBT 
 
 
 
 
 
 
13 
 
2.1 Material Properties of SiGe HBT: 
                               Silicon and germanium are completely miscible over the full range of 
compositions and hence can be combined to form SiGe alloys with the germanium content 
ranging from 0 to 1 (0–100%). Their lattice constant differ by roughly 4.2%. 
SiGe has a diamond-like lattice structure and the lattice constant is given by vegard‘s rule 
[26] 
                                  
                                                      …………………(2.1) 
 
     aSi=Silicon lattice constant is 0.543nm 
     aGe =Germanium lattice constant is 0.5466nm 
      x = Ge mole fraction 
                             When a SiGe layer is grown on a silicon substrate, the lattice mismatch at 
the interface between the SiGe and the silicon has to be accommodated. This can either be 
done by compression of the SiGe layer so that it fits to the silicon lattice or by the creation 
of misfit dislocations at the interface fig2.1 [5]. 
 
 
Figure 2. 1 Strain and relaxed SiGe on Si substrate 
           When SiGe layer grown on silicon by compression of the SiGe layer and it fits to 
silicon lattice is pseudomorphic SiGe layer is unstrained, or relaxed, and the lattice 
mismatch at the interface is accommodated by the formation of misfit dislocations. These 
misfit dislocations generally lie in the plane of the interface, as shown in above fig. but 
dislocations can also thread vertically through the SiGe layer. 
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2.1.1 Critical thickness: 
 
                              An important concept in strained layer epitaxy is critical layer thickness. 
Critical layer Thickness arises because of a competition between strain energy and chemical 
energy. 
The maximum thickness of SiGe that can be grown before relaxation of the strain occurs 
through the formation of misfit dislocations. This is known as the critical thickness of the 
SiGe layer, and depends strongly on the germanium content, as shown in below fig[10]. 
 
 
       
                        
 
Figure 2.2 Critical thickness vs Ge fraction 
 
Below the critical thickness, the minimum energy state of the bilayer system is achieved by 
strain. 
Above the critical thickness, the minimum energy state is achieved by the formation of 
misfit dislocations. 
The critical thickness is dependent up on the amount of lattice mismatch and material 
parameters as well as the properties of the dislocations that form in the particular material. 
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2.1.2 Band Structure of SiGe:  
 
                               SiGe alloys have a smaller bandgap than silicon partly because of the 
larger lattice constant and partly because of the strain. The below figure Shows that the 
variation of bandgap with germanium percentage for strained and unstrained SiGe [26]. 
 
                                                      
 
Figure 2. 3 Bandgap as a function of Ge percentage for  Strained and unstrained SiGe 
 
The variation of bandgap with germanium content for strained SiGe can be described by the 
Following empirical equation [26]: 
 
                     ………………….. (2.2) 
2.1.3 Dielectric Constant: 
       The dielectric constant of Si1−xGex can be obtained by linear interpolation between the 
known values for silicon and germanium using the following equation [26] 
                                                     (x) = 11.9(1+0.35x)                      …………..(2.3) 
 
When abrupt heterojunctions are used, conduction band spikes can form at the interfaces. 
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At the base-emitter junction, such a spike can reduce the bandgap improvement, introduce a 
potential source of non-uniformity, and provide a sink for space charge recombination. At 
the edge of the base-collector junction, a conduction band spike can act as a barrier to 
minority-carrier transport across the base, resulting in increased charge storage and neutral 
base recombination. 
                                  
  2.1.4 DC characteristics: 
 
 The dc consequences of introducing Ge into the base region of an SiGe HBT can best be 
understood by considering an energy-band diagram of the resultant device and comparing it 
to Si. The barrier height to electron flow from emitter to base  (conduction band barrier) is 
much smaller in the SiGe HBT than the Si BJT. This means that the collector current at a 
given base-emitter voltage will be bigger in a SiGe HBT than in a Si BJT. The barrier height 
to hole flow from the base to the emitter (valence band barrier) is approximately the same in 
the SiGe HBT and the Si BJT, which means that the base currents of the two types of device 
will be approximately the same [27].  
 
 
The Collector Current of SiGe HBT is 
 
 
Figure 2. 4 Energy band diagram for a Si BJT and graded-base SiGe HBT 
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Ge is compositionally graded from the emitter-base (EB) junction with lower concentration 
to the collector–base (CB) junction with higher concentration and it is shown as dashed line 
in Figure (1). Due to this impact, the SiGe HBT consists of a finite band offset at the EB 
junction and a larger band offset at the CB junction. Bandgap grading is easily used for 
position dependence of the band offset with respect to Si. An electric field is produced by 
such position dependence in the Ge induced band offset in the neutral base region. This 
effect aids the transportation of minority carriers (electrons) from emitter to collector, which 
in turn improve the frequency response [12]. 
 The Ge-induced reduction in base bandgap takes place at the EB edge of the quasi-neutral 
base ΔEg,Ge (x=0) along with the CB edge of the quasi-neutral base ΔEg,Ge (x=Wb). Thus 
the graded bandgap is given by equation as 
 
            ………………….(2.4) 
A linearly graded germanium profile file Acrooss the base, the equation for the collector 
current of a Graded-base SiGe HBT is  [26] 
 
           ……………(2.5) 
Dnb =  the diffusion coefficient of the minority- carrier electrons in the base =      
 = intrinsic carrier concentration of SiGe 
                                                       …………..(2.6) 
an ―effective density-of-states ratio‖ between SiGe and Si according to [27] 
            γ =                                                                ………………(.2.7) 
  
x = Ge mole fraction  
 
 an effective doping concentration in the base  
          =                                                                ……………………(2.8) 
 
Apparent band gap narrowing in the base described by the following empirical   
                                                                                                    equation [28] 
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          = 18.7   
The Base Current of SiGe HBT is  [26].  
 
                                                       ……………………(2.9) 
 the diffusion coefficient of the minority- carrier holes in the emitter  
       =     
  an effective doping concentration in the emitter  
          =                                                                ………………(2.10) 
  Apparent band gap narrowing in the emitter described by the following empirical   
                                                                                                  Equation [29]  
           =   18.7      
 
 
 
2.2    Small Signal model of SiGe HBT: 
 
The small signal model of SiGe HBT is based on Hybrid-π equivalent circuit of the VBIC-
compact model. The hybrid-pi model is a popular circuit model used for analyzing the small 
signal behavior of bipolar junction and field effect transistors. The model can be quite 
accurate for low-frequency circuits and can easily be adapted for higher frequency circuits 
with the addition of appropriate inter-electrode capacitances and other parasitic elements  
The small signal model of SiGe HBT circuit is divided into two parts. First one is Intrinsic 
HBT and second one is the Extrinsic HBT.  
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Figure 2. 5 Small Signal model of SiGe HBT hybrid-pi model 
 
           The Intrinsic HBT is the inner part containing the bias- dependent intrinsic 
elements. The intrinsic elements are intrinsic base resistance (Rbi), base-emitter capacitance 
(Cπ), base-emitter resistance (rπ), base-collector resistance (Cbc) and transconductance (gm). 
Extrinsic HBT is the outer part is bias- independent of extrinsic element. The extrinsic 
elements are extrinsic resistance (Rbx), collector resistance (Rcx), emitter resistance, 
parasitic capacitances (Cbcp, Cbeo, Ccso) and substrate resistance [15]. 
 
2.2.1 Base resistance:  
                            Base resistance is one of the most important electrical parameters of the 
bipolar transistors. It limits the input capacitance can be charged and therefore bipolar 
transistors do not operate at high frequencies predicted by the forward transit time. Base 
Resistance gradually decreasing with increasing Base bias current.       
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Figure 2. 6  The cross section view of components of base and collector resistance 
             
The Base resistance can be devided into two parts,   
 1) Intrinsic base resistance       
  2) Extrinsic base resistance.   
The Total Base resistance is adding of these two resistances. 
 
2.3   Intrinsic Small Signal of SiGe HBT: 
 2.3.1 Introduction: 
                 The Intrinsic HBT is containing the bias-dependent intrinsic elements. The 
intrinsic elements are intrinsic base resistance (Rbi), base-emitter capacitance (Cπ) , base-
emitter resistance (rπ), base-collector resistance(Cbc) and transconductance (gm) . 
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Figure 2.7 Intrinsic small signal model of SiGe HBT 
                                  
                        
2.3.2 Intrinsic base resistance:    
              The intrinsic base resistance is the resistance of the active base region, which is the 
region located under the emitter as shown in fig2.6. It is depends on the transistor geometry 
and intrinsic base sheet resistance. The intrinsic base resistance (Rbi) is the current dependent 
part of the total base resistance due to conductivity modulation of the internal base sheet 
resistance. The reduced base-width modulation (The Early effect) in SiGe HBTs of   the 
output conductance can be neglected. 
                                            = C                                             ..……….(2.13) 
 is constant,  
We=Emitter width, 
le= length of the emitter, 
RSBI=intrinsic base sheet resistance 
nB
2 
is two base contacts,  
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           If the transistor has only one base contact, the base current enters from only one side 
of the emitter and hence the path length for the  current flow is the complete emitter   width. 
If the transistor has two base contacts, the current enters from the both sides of the emitter, 
so the path length for the current flow is halved. A halving of the base resistance arises 
because two base contacts are in parallel. So the base resistance is reduced if two base 
contacts are used [26]. 
 
2.3.3 Collector-Base Capacitance (Cµ) : 
                Collector-Base capacitance includes a depletion capacitance.  Junction 
capacitance is related to the Space charge that exists in the depletion layer of pn junction. 
                     
a) GRADED JUNCTION: 
                           In a Linearly Graded junction, the net doping on both sides of the junction, 
and consequently the ionized charge densities in the depletion region vary linearly. 
- -
The The 
electrostatic parameters of a linear graded junction depicted in below figures.  
 
Figure 2. 8 Graded junction Space charge distribution 
 
   For an impurity concentration gradient  ( ) in the depletion region.  
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The Poisson eq for the graded junction is 
  =            < x <                                        ………………...(2.14) 
   Electric Field is                                                      
                                                  ………………(2.15) 
1=dielectric constant of Si= 11.9 
 – Dielectric constant of SiGe (from eq 2.3) 
W- Depletion region width 
 
Case 1: 
For 
–
 
 =  
   x 
Take integration on both sides 
 = x x  
 =    
                                                 ……………………(2.16) 
case 2: 
 0<x<   
 =  
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           x    
     = x x   
  En(x)=    
                                                      ……………(2.17) 
 
 =  +                                                            ……………...(2.18) 
 
The built- in potential (Vbi) is 
                                                                                     …………..(2.19) 
= - x   
 Substituting eq 2.18 in above eq 
=    - x   
= - x  - x                            .…………..(2.20) 
 Substituting eq. 3.6 and 3.7 in eq.3.10 
    = -   x  -     x   
                      = -   x  -   
                       =          -      
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                  =      -    
             =       -       
             =      +                                                        ……………….(2.21) 
 
       =         
      =                                                                        ……………..(2.22) 
From above equation depletion layer width W is  
         =         
          W =                                                      ……………….(2.23) 
 The depletion layer capacitance is given by 
             CBC =                                                                 ………………(2.24)        
 Substituting eq2.23 in above equation  
 
      CBC   =  A  
        CBC    = A    
The depletion layer Capacitance C is function of applied bias V is given by 
        CBC   = A                                    …………………(2.25)               
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b)  Abrupt junction: 
- - -
-  
 
a) Space Charge Distribution 
                         
b) Electric field profile 
Figure 2.9Abrupt junction a) Space charge distribution b) electric field profile 
 
  Poisson‘s eqn for the abrupt junction is  
    
  =            < x <   ………….(2.26) 
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Electric field is  
                                                 …………..(2.27) 
    For   
 
  
x   
Take integration on both sides 
      = x  
    =    
                                                      ………………….(2.28) 
 
For   0< x <Wn 
 
         =      
    x    
Take integration on both sides  
         = x   
           =     
                                                      …………………..(2.29) 
 
The built-in electric field is maximum at the junction and goes to zero at the edges of the 
depletion region on both sides According to  
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                                                                                         ……………….(2.30) 
                          = - x   
                     
 Substituting eqs 2.28 and 2.29 in above eq 
                =    - x   
                 = - x  - x                                   
                    Substituting eq. 3.6 and 3.7 in eq.3.10 
         = - x  -  x    (x + ) 
                               =-  x  -   
                              =     -     
                   =                                          ………………..(2.31) 
             Charge conservation is expressed by the condition is 
                                                                          ………………..(2.32) 
                              From above eqn  
                                       and  
                                 
  Substitute above eqns in Vbi eqn  
          Vbi   =                                 
                   =    
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                     =    ( )  
                     
                                                         …………………(2.33) 
Similarly  
                                                           ………………..(2.34) 
  Depletion region width W is 
                
             W =                                     ……………….(2.35) 
  The depletion capacitance C is  
     C=  
     C =    
 
    C =                         ………………(2.36) 
 
 
2.3.4 Emitter-Base Capacitance (Cπ): 
                    The Emitter-base capacitance depends on both depletion and diffusion 
capacitances. Diffusion Capacitance is the minority carriers charge storage capacitance. 
                                                                                       ………………..(2.37) 
          Cbe  = Emitter-Base Depletion Capacitance                                
30 
 
       = forward transit Time 
          Transconductance 
a)   Forward Transit Time: 
         The forward transit time is the excess charge stored in the transistor when its 
emitter/base junction is forward biased and its collector/base junction zero biased. 
The forward Transit time is the sum of the Delay times in the various regions of the 
transistor 
                                                                         ………………….(2.38) 
 Base transit time (Base delay) 
 Emitter delay  
 = Emitter-Base depletion region delay  
 Collector-Base depletion region delay  
 
b) Base Transit time: 
The base transit time is defined as the ratio of the charge stored in the base to the collector 
Current. 
                                                                                             ……………………….(2.39) 
       The charge stored in the base is [26] 
                                         
Substitute   eqn in above eqn 
                 
            Substitute Ic eqn in above eqn 
                                            
                                                                                     ………………………………(2.40) 
  
              Base width  
           Diffusitivity of electrons in base  
               Base transit time is proportional to square of the base width. 
                  The base transit time of graded base SiGe HBT is 
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            ………………………..(2.41) 
 
                               The base transit time ( ) is reduced by the drift field created by the 
bandgap grading. This grading is not required over the entire base region, since only the 
heavily doped region contributes to τB, bandgap variation across the base can improve 
significantly the base transit time. The bandgap reduction expected and measured for various 
Ge fractions in silicon [26].  
The base transit time in a heterojunction bipolar transistor (HBT) can be shortened by 
providing a quasi-field across the base, i.e., grading the bandgap (Ge concentration) across 
the base [10] 
   
c)  Emitter Delay: 
                     The emitter delay τ is defined as the ratio of the charge in the emitter to the 
collector current. 
                                                                                    ……………………….(2.42) 
                   The charge in the emitter  is [26] 
                   
                 Substitute  eqn in above eqn 
                  
             Substitute Ic eqn in above eqn 
 
                                        …………………………(2.43) 
 
       The emitter delay of Graded-base SiGe HBT is                       
 
            ……………(2.44) 
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  The decrease in  (due to the increase in current gain β) depends exponentially on the 
bandgap reduction at the edge of the base-emitter junction, and is inversely proportional to 
the variation in bandgap across the base [30]. 
 
d. Collector-base Depletion region Delay: 
                                               The collector/base depletion layer delay  is determined by 
the time required for electrons to traverse the base/collector depletion region. 
                           
                                                            …………………..(2.45) 
WCBD = Collector-base depletion region width 
Vsat = saturation velocity 
 Collector-base depletion region dealy is reduced by decreasing the width of the Collectoe-
base depletion region. It can be achieved by increasing the doping concentration in the 
collector. 
 
2.3.5 Transconductance (gm):  
       Transconductance is the differentiate collector current(Ic) with base emitter voltage (Vbe). 
 
                         ……………………(2.46) 
      
                    Ic = collector current(from eqn 2.5), 
                         Vth = thermal voltage           
                 The transconductance contains a delay component τ in order to model the 
excess phase shift which becomes noticeable at frequencies approaching fT.   At low bias 
currents, the excess phase delay decreases slowly with the increase in collector current, but 
once base-widening effects becomes noticeable it increases due to the increase in the 
forward transit time.  
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2.3.6 Base-Emitter Resistance:  
                              
The base –emitter resistance of Small Signal hybrid –pi Model of SiGe HBT is  
                        
                                                                                    ………………………………..(2.47) 
                     Base current( from eqn 2.9) 
 
 
 The Y-Parameters of the Intrinsic small signal of  SiGe HBT  hybrid-pi model (Fig2.7) is  
 
                   ………..(2.48) 
=                      ……….(2.49) 
                         ………(2.50) 
               …………….(2.51) 
2.3.5   S-Parameters of Intrinsic HBT: 
                            S-parameters have almost similar information like Z-, Y-, or H-parameters. 
But the difference between them is that the dependent and independent variables are no 
longer simple voltages and the currents in S-parameters. In addition, in the s-parameter four 
―voltage waves‖ are produced by linear combinations of the simple variables. These voltage 
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waves hold the identical information because they are chosen to be linearly independent. 
Transmission line techniques are used to compute s-parameters at high frequencies by 
properly selection of these combinations [31]. 
S-parameters are mostly used for networks operating at radiofrequency (RF) and Microwave 
Frequencies where signal power and energy considerations are more easily quantified than 
currents and voltages. S-parameters change with the measurement frequency, so frequency 
must be specified for any S-parameter measurements stated, in addition to the characteristic 
impedance or system impedance.  
S-parameters are important in microwave design because they are easier to measure 
and to work with at high frequencies than other kinds of two port parameters. 
 
S-parameters have been used extensively in the analysis of Microwave Device. S-parameters 
of a SiGe HBT will thoroughly depend on the size of transistor, frequency of operation as 
well as on biasing condition.  
 S11 and S22 are conveniently displayed on a Smith chart,  
 S21 and S12 are typically displayed on a polar plot 
 
S-parameters of the intrinsic small-signal model can be computed from the modeled Y-
parameters of CE configuration. 
 
Finally the Y-parameters of Intrinsic Small Signal SiGe HBT‘s are (2.48-2.51) converted to 
S-parameters of with 50Ω matched impedance. 
 
 
 
 
 
 
 
 
2.3.6 Device Parameters: 
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 Ge mole fraction= 0.21 
 Emitter doping = 3*1020cm^-3 
 Base doping = 2*1019 cm^-3 
 Collector doping = 2*1017 cm^-3 
 Emitter width = 360*10-9 
 Base width = 40*10-9 
 Collector width = 1200*10^-9 
 Area = 0.5 * 2.5 um^2 
 q= 1.6*10-19 C 
 Є0 = 8.854*10
-14 
F/cm  
 Conduction band density Nc= 2.8*1019 
 Valence band density Nv = 1.04*1019 
 mobility of holes µp (Si ) = 450  cm^2/V-S    
 mobility of electrons µn (SiGe) = 2100 cm^2/V-S  
 Dielectric Constant of Si = 11.9 
 Dielectric of SiGe = 12.77 (from eq 2.3)  
 Lattice constant of Si = 5.4310 
 Lattice constant of SiGe = 5.4785 (from eq 1) 
 
 
2.3.7 Simulation Results: 
             
The hybrid, or H- parameters are used for transistors h21  is good representation of the 
cuurent gain β for a typical microwave common-emitter transistor. The frequency where 
 = 1 for common emitter transistor is the fT of the transistor. For a Base constant 
doping of Intrinsic small signal SiGe HBT cutoff frequency fT is 45-GHz(2.10). 
          The cutoff frequency of Intrinsic Small signal Graded-base SiGe HBT is 65-GHz. the 
base transit time in a heterojunction bipolar transistor (HBT) can be shortened by providing 
a quasi-field across the base, i.e., grading the bandgap (Ge concentration) across the base. so  
higher Cut-off Frequency fT in intrinsic Small signal Graded-base SiGe HBT(Fig2.11).  
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Figure 2.10 |h21| versus frequency of Intrinsic Small signal of uniform-Base SiGe HBT 
     
 
Figure 2.11  |h21|versus frequency of Intrinsic Small signal of Graded-Base SiGe HBT 
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Linearly Graded-Base SiGe HBT having higher cutoff frequency than Uniform– Base SiGe 
HBT. Because the base transit time in a heterojunction bipolar transistor (HBT) can be 
reduced by providing a quasi-field across the base, i.e., grading the bandgap (Ge 
concentration) across the base. so higher Cut-off Frequency fT in intrinsic Small signal 
Graded-base SiGe HBT(Fig2.12).  
 
 
Figure 2.12  |h21| vs frequency of intrinsic Small Signal of Uniform Base and  Graded-Base  SiGe HBT 
 
 
 When the h21 is constant at low frequencies, and then  decreases  at high frequencies. Base 
width is decreasing from 40nm to 10nm h21 is increasing 45-GHz to 100GHz  
38 
 
 
Figure 2.13  |h21| vs frequency of intrinsic Small Signal SiGe HBT for various bandwidths 
 
S12:  
S12 is clock-wise with increasing frequency. 
 While S12= 0 at low frequencies its curves tend towards S12 >0 for high frequencies. 
S12 shows a smaller +ve reactance because of the higher BC depletion Capacitance. 
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Figure 2.14  S12 vs Frequency of base constant doping Intrinsic HBT 
                                                 
 
Figure 2.15 S12 vs Frequency of of intrinsic Small Signal SiGe HBT for various bandwidths 
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S21: 
The S21 magnitude decreases with increasing frequency, as  expected, because of decreasing 
forward transducer gain, while S21 is larger at higher IC because of the higher fT at that bias 
current. The transconductance (gm) contains a time delay component (τ) which changes the 
phase of S21-parameter at high-frequencies [19]. 
 
 
 
Figure 2.16 S21 vs Frequency of base constant doping Intrinsic HBT 
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Figure 2.17 S21 vs Frequency of Intrinsic small signal Graded-base SiGe HBT 
 
 
 
Figure 2. 18 S21 vs Frequency of  Intrinsic small signal base constant and Graded-base SiGe HBT 
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Figure 2. 19 S21 vs Frequency of  Intrinsic small signal model SiGe HBT various basewidths. 
 
2.4 Extrinsic Small signal SiGe HBT: 
            Extrinsic Small Signal SiGe HBT of Hybrid-pi equivalent model is the bias 
independent of extrinsic elements. Extrinsic elements are Fixed base , collector and emitter 
resistances and substrate parasitic capacitances (Cbcp, Ccso)  and substrate  resistance (Rs).  
In SiGe HBT devices a large part of the total capacitance between base-emitter and base-
collector terminals is due to fixed oxide capacitances shown in Fig as (Cbeo). 
The small-signal equivalent circuit model seen in Fig2.6 should be able to accurate describe 
the behavior for a SiGe HBT from DC to frequencies in excess of the fT for the devices[10]. 
 
Extrinsic Base Resistance ( ): 
         The Extrinsic base resistance is the resistance between the edge of the active transistor 
area and the base contact shown in fig, and its dependent on the transistor geometry and 
extrinsic base sheet resistance. 
                                                                  ……………………………….(2.52) 
Number of base contacts , 
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         = contact resistance , 
      width of base , 
length of base , 
Extrinsic base sheet resistance,   Ω/□ 
                =     
                 ρ= resistivity,  
                 t= thickness of base  
                                     
   
 S-parameters of  the complete  small signal model of  HBT is computed by using  Y-
parameters using  equations from(2.48 to 2.51). 
1) The Y-parameters of the intrinsic model , as in  eqs.(3.1) to 3.4  are added to the Y-
parameters of Cbep . 
           ………(2.53)   
2) The Resultant Y-parameters are converted to Z-parameters and added to the emitter 
resistance. 
     = +                                ………….(2.54)                          
3) The Resultant Z-parameters are converted ABCD-parameters and multiplied with the 
ABCD-parameters of  base and collector networks. 
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     = 
 
               …………… (2.55) 
4) The resultant ABCD-parameters are converted to Y-parameters and added to Y-
parameters of  Cbco . 
    ….. (2.56) 
5) Finally , the Y-parameters are converted to S-parameters with 50-Ω matched load. 
  2.4.1 Simulation Results: 
             S-parameters of complete small signal model of  SiGe HBT calculated by using 
model equations for small signal model of intrinsic HBT within the frequency range of 0.2-
50GHz  using parasitic effect(fig2.21).  
Polar Plot: 
 
Figure 2. 20 : S-parameters are calculated in the frequency range of 0.2-50GHz with parasitic effects 
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Figure 2. 21 S-parameters are calculated by using model equations in the frequency range of 0.2-50Ghz with  
parasitic effects 
Smith Chart: 
 
 
Figure 2. 22 S-parameters are calculated in the frequency range of 0.2-50GHz with parasitic effects 
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Figure 2. 23 : S-parameters are calculated by using model equations in the frequency range of 0.2-50Ghz with  
parasitic effects 
 
 
Figure 2. 24 |h21| vs frequency of complete Small Signal of Uniform Base  SiGe HBT 
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Figure 2. 25 |h21| vs frequency of complete Small Signal of  Graded-Base  SiGe HBT at fT = 55-GHz 
 
                                  Linearly Graded-Base Small Signal Model of SiGe HBT is providing a 
built in electric field in the base which accelerates the carrier acroos the base , reducing the 
base transit time. so higher Cut-off Frequency fT  in Small signal hybrid-pi model of  
Graded-base SiGe HBT than Uniform-Base SiGe HBT(Fig2.24).  
 
 
Figure 2. 26 :|h21| vs frequency of complete Small Signal SiGe HBT of various base widths 
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Figure 2. 27 S12 vs Frequency of  complete small signal model of  Uniform Base  SiGe HBT 
 
Figure 2. 28 S12 vs Frequency of  complete small signal model SiGe HBT various basewidths             
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S21: 
The transconductance (gm) contains a time delay component (τ) which changes the phase of 
S21-parameter at high-frequencies. The S21 magnitude decreases with increasing frequency, 
as expected, because of decreasing forward transducer gain, while S21 is larger at higher IC 
because of the higher fT at that bias current [19]. 
. 
 
 
 
Figure 2.29  S21 vs Frequency of  complete small signal model of Uniform Base  SiGe HBT 
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Figure 2.30 S21 vs Frequency of  complete small signal model  of Grded-Base SiGe HBT 
          
 
 
Figure 2.31 S21 vs Frequency of complete small signal model SiGe HBT various base widths 
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2.5 Comparison of intrinsic and extrinsic SiGe HBT 
 
                                 Intrinsic Small Signal model of SiGe HBT  having higher Frequency than 
Complete Small Signal Model of SiGe HBT because Complete Small Signal model of SiGe 
HBT including a substrate parasitic effects because parasitic capacitance and resistances are 
effects at high frequency .  
 
 
 
Figure 2.32 S21 vs Frequency of Intrinsic and Extrinsic Small SiGe HBT 
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Figure 2.33 h21 vs Frequency of Intrinsic and Extrinsic SiGe HBT 
 
2.6  SiGe HBT for Different Ge Concentrations 
 
The cut-off frequency (fT) of the HBT increases with the increase in the  Ge-content,  it 
increases with the change in profile gradually from ‗uniform –base doping ‘ to ‗Graded-base 
doping. 
 
 
Figure 2. 34 S12 vs Frequency of complete Small Signal SiGe HBT for Different Ge concentrations 
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Figure 2.35 S21 vs Frequency of complete Small Signal SiGe HBT for Different Ge concentrations 
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CHAPTER 3 
CONCLUSION 
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3.1 Conclusion: 
                       In this thesis, we studied the material properties of the SiGe HBT. Studied the 
characteristics of the Uniform-Base and graded- Base SiGe HBT. Graded-Base SiGe HBT 
having higher current gain than Uniform Base doping because the germanium content is 
graded across the base region of the transistor , inducing an electric field of the device. This 
field accelerates injected minority electrons as they traverse the base.  S-parameters of 
complete Small Signal hybrid-pi model of SiGe HBT calculated by using  model equations 
of  small signal model of intrinsic HBT within the frequency range of 0.2-50-GHz  using  
parasitic effects. Compares the S-parameters of Complete Small Signal model of SiGe 
HBT‘s and Intrinsic Small Signal Model of SiGe HBT‘s for Both Uniform-Base doping and 
Graded-base Doping. In Complete Small Signal SiGe HBT   Graded-base Doping have 
higher frequency than Uniform-Base Doping. Intrinsic Small Signal model of SiGe HBT 
having higher Frequency than Complete Small Signal Model of SiGe HBT because 
Complete Small Signal model of SiGe HBT having parasitic effects.  
                       S-parameters of complete Small Signal hybrid-pi model of SiGe HBT 
calculated by using model equations of small signal model of intrinsic HBT for different Ge 
concentrations of Ge 10% and 21%. The  cut-off frequency ( ) of the HBT increases with 
the increase in the  Ge-content,  it increases with the change in profile gradually from 
‗uniform –base doping ‘ to ‗Graded-base doping. 
 
3.2 Scope for Future Work 
                                              
This thesis can be further developed  in the areas like Power gain, Stability, MSG 
(Maximum Stable Gain),  MAG(Maximum Available Gain), and  Phase measurements for 
different Ge Concentrations / profiles. 
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